Aims To quantify the extent to which ethnic differences in muscular strength might account for the substantially higher prevalence of diabetes in black and South-Asian compared with white European adults.
Introduction
Type 2 diabetes is a major public health problem, accounting for 10% of healthcare expenditure and almost 400 million cases globally [1] . In Westernized countries, diabetes prevalence is more than double in black [2, 3] and three-to fourfold higher in South-Asian populations [3, 4] compared with white European populations, and worldwide diabetes prevalence is increasing faster in Asian and African countries than in Europe and high-income English-speaking countries [5] .
There is evidence that strength could be an important risk factor for diabetes. Low hand-grip strength has been predictive of incident diabetes in prospective cohort studies of Australian men of predominantly white European origin [6] and in Japanese-American men and women [7] . In addition, Canadian [8] and Japanese [9] studies have reported associations between indices of musculoskeletal fitness and diabetes risk. There is also evidence that participation in muscle strengthening exercise affects risk of Type 2 diabetes, independent of participation in aerobic physical activity [10, 11] ; however, the evidence is not unequivocal, with the Prospective Urban-Rural Epidemiology (PURE) study undertaken across 17 countries reporting no significant association between grip strength and diabetes, although a clear trend was evident [12] . Muscular strength may vary by ethnicity [12] [13] [14] ; however, it is unclear whether the association between muscular strength and diabetes risk also varies according to ethnicity and whether this may contribute to the ethnic differences in diabetes prevalence.
The aim of the present study was therefore to determine the associations between muscular strength and diabetes risk in white European, black and South-Asian men and women in the UK Biobank study 1) to determine whether the magnitude of these relationships was similar across ethnic groups and 2) to quantify the extent to which ethnic differences in diabetes prevalence may be associated with ethnic differences in strength.
Methods

Study population
This cross-sectional study used baseline data from UK Biobank, a large, population-based cohort study set up to study the lifestyle, environmental and genetic determinants of a range of important diseases of adulthood [15] . Between April 2007 and December 2010, UK Biobank recruited 502 682 participants (5.5% response rate) aged 40-69 years, at 22 assessment centres across the UK [15] . Extensive baseline information was collected via questionnaires and physical measurements [15] .
UK Biobank received ethical approval from the NorthWest Multicentre Research Ethics Committee (REC reference: 11/NW/03820). All participants gave written informed consent before enrolment in the study, which was conducted in accordance with principles of the Declaration of Helsinki.
Definitions and inclusion criteria
We included the 418 656 white European, black and SouthAsian participants with no history of heart disease [angina, heart attack and stroke (28 813 cases with heart disease were excluded)] or cancer (38 412 cases were excluded), who had complete data on diabetes status and hand-grip strength. This resulted in exclusion of 2268 diabetes cases from participants with cancer and 4997 diabetes cases from participants with heart disease; the final sample included 18 711 diabetes cases. Presence of diabetes (excluding gestational), heart disease and cancer was determined from self-report of a physician diagnosis. Ethnicity was based on self-classification into the 19 UK Office of National Statistics groups. This study was restricted to participants who identified themselves as: white (British, Irish and other white European), South-Asian (Indian, Pakistani and Bangladeshi) and black (black-African, black-Caribbean and other black).
Muscular strength
Muscular strength was assessed using hand-grip strength, measured using a Jamar J00105 hydraulic hand dynamometer (Patterson Medical, Sutton-in-Ashfield, UK). Isometric grip force was assessed from a single 3-s maximal grip effort of the right and left arms, with the participant seated upright with their elbow by their side and flexed at 90°so that their forearm was facing forwards and placed on an armrest. The mean of the right and left values, expressed in absolute units (kg), and relative to body weight (kg per kg body weight), was used in the analysis, as reported elsewhere [16, 17] .
Physical activity
Physical activity was assessed by a self-report questionnaire, based on the International Physical Activity Questionnaire (IPAQ) short form, with participants reporting frequency and duration of walking, moderate and vigorous activity undertaken in a typical week. Data were analysed in accordance with the IPAQ scoring protocol (http://www. ipaq.ki.se/scoring.pdf), and total physical activity was computed as the sum of walking, moderate and vigorous activity, measured as metabolic equivalents h/week). Participants were excluded from the analyses if they recorded implausible values, defined as the sum of their total physical activity, sleeping time and television-viewing exceeding 24 h.
Adiposity measurements
Anthropometric measurements were obtained by trained clinic staff using standard operating procedures and regularly calibrated equipment. Weight, percentage body fat and fatfree mass (by bio-impedance) were measured using standard operating procedures, without shoes and outdoor clothing, using the Tanita BC 418MA body composition analyser (Tanita Corp., Arlington Heights, IL, USA). Height was measured, without shoes, using the wall-mounted SECA 240 height measure. BMI was calculated as body mass (kg) divided by the square of height (metres).
What's new?
• In participants in the UK Biobank study, grip strength was significantly associated with odds of diabetes, independent of major confounding factors in all ethnic groups.
• Grip strength was lower (by~5-6 kg) in South-Asian men and women compared with black and white European men and women.
• Lower grip strength combined with higher diabetes prevalence resulted in the attributable risk for diabetes associated with low grip strength being substantially higher in South-Asian people (3.9 and 4.2 cases per 100 men and women) than in white people (2.0 and 0.6 cases). Attributable risk was also high in black men (4.3 cases) but not in black women (0.4 cases).
Assessment of covariates
Potential confounders were identified a priori based on established relationships, with diabetes and muscular strength or both. Area-based socio-economic status was derived from postcode of residence, using the Townsend score, which is derived from census data on housing, employment, social class and car availability. Age was calculated from dates of birth and baseline assessment. Smoking status was categorized into never, former and current smoking. Dietary information was collected via a self-reported dietary questionnaire, with participants asked how many portions of specified foods they generally ate. Medical history (physician diagnosis of longstanding illness, depression, stroke, angina, myocardial infarction, hypertension, cancer and diabetes) was collected from the self-completed, baseline assessment questionnaire. Further details of these measurements can be found in the UK Biobank online protocol (http://www.ukbiobank.ac.uk).
Statistical analyses
Descriptive statistics were derived for ethnicity subgroups. Continuous variables were summarized using median and interquartile range values, and categorical variables using frequencies and percentages. The distribution of grip strength in men and women in each ethnic group was plotted. Multivariate binary logistic regression models were used to examine associations between grip strength [expressed in absolute units (per SD difference and per 5 kg difference) and relative to body weight (per SD difference and per 0.05 kg/kg body weight difference)] with diabetes within each ethnic group. Models were run initially adjusting for age, education, number of years with diabetes and socio-economic status (Model 1), then after adding percentage body fat, smoking, dietary intake (fruit and vegetables, alcohol, processed meat, red meat, oily fish), sleep duration and physical activity as an additional covariates (Model 2). Attributable risk (i.e. the number of excess cases that would be avoided if the risk factor was removed) associated with low grip strength (i.e. grip strength below the age-and sex-specific overall UK Biobank population median (threshold values shown in Table S1 ) expressed in kg was calculated for each ethnicity and sex group (threshold values shown in Table S1 ). In sensitivity analysis we repeated the attributable risk calculations using the 33rd centile (i.e. lowest tertile) and the 67th centile (i.e. not in the highest tertile) as the thresholds for low grip strength. Analyses were performed using STATA version 14 (Stata Corp., College Station, TX, USA). Statistical significance was accepted at P < 0.05. In a sensitivity analysis, we excluded those who had been diagnosed with diabetes for ≥ 5 years.
Results
The main cohort characteristics, stratified by ethnic group, are shown in Table 1 . In both men and women, diabetes prevalence was highest in South-Asian and lowest in white participants. Reported physical activity was highest in white and lowest in South-Asian participants of both sexes. SouthAsian participants reported a higher intake of fruit and vegetables per day, a lower intake of oily fish and a lower total energy intake than white and black participants. Reported alcohol intake was higher in white participants than other ethnic groups. South-Asian men and women had lower median grip strength, whether expressed in absolute terms or per kg body weight, than the other ethnic groups. Figures 1 and 2 show the population distributions for grip strength in the three ethnic groups, showing broadly similar distributions in the black and white European groups for both men and women, but in South-Asian participants, the distribution was shifted left in both men and women by5 -6 kg in absolute terms and~0.3-0.5 kg per kg body weight, respectively, compared with the other ethnic groups. These ethnic differences in grip strength were evident across the full age range within the UK Biobank cohort (Fig. S1 ).
Figures 1c and d and 2c and d show the association of hand-grip strength with diabetes prevalence. Table 2 shows the association between hand-grip strength and diabetes in models adjusted for major confounding variables in men and women, respectively (Model 2). Diabetes prevalence was highest in South-Asian participants and lowest in white participants for all levels of grip strength, irrespective of whether grip strength was reported in absolute units or relative to body weight (P < 0.05 for differences in diabetes prevalence between all ethnic groups). Table 2 shows the odds ratios for diabetes per unit change in grip strength. In all ethnicity and sex groups, lower hand-grip strength was associated with higher diabetes risk, after adjustment for age, education, number of years with diabetes and deprivation, whether grip strength was expressed in absolute terms or relative to body weight. Further adjustment for percentage body fat, smoking, dietary intake (fruit and vegetables, alcohol, processed meat, red meat, oily fish), sleep duration and physical activity attenuated these associations somewhat, but they remained statistically significant. The magnitude of association was similar in men and women, but there was a significant ethnicity interaction, with the association between grip strength and diabetes being strongest in white Europeans and somewhat weaker in black and South-Asian ethnic groups. Table 3 shows the attributable risk for diabetes associated with low grip strength [i.e. below the age-and sex-specific population median (Table S1 )] in each ethnic group and each sex, in analyses adjusted for major confounding variables (Model 2), within the UK Biobank population. The combined effect of high diabetes prevalence and high prevalence of low grip strength in South-Asian participants meant that the attributable risk for diabetes associated with low grip strength was high in both South-Asian men and women at 3.9 and 4.2 diabetes cases per 100 individuals, respectively. Attributable risk was also high in black men at 4.3 cases per ª 2017 Diabetes UK 100 individuals, but was lower in black women (0.4 cases per 100), and in white men (2.0 cases per 100) and women (0.6 cases per 100). In sensitivity analyses, changing the threshold for low grip strength from the median to the 33rd centile resulted in attributable risk estimates for low grip strength of 2.2 (95% CI 1.9-2.5), 4.6 (95% CI 1.9-7.3) and 2.6 (95% To minimize the potential effects of reverse causality confounding the results, a sensitivity analysis was performed excluding all participants with diagnosed diabetes of > 5 years' duration from the data set. This did not alter any of the overall findings.
Discussion
Lower grip strength was associated with higher prevalence of diabetes, independent of a range of confounding factors including age, adiposity, years with diabetes, physical activity, sedentary behaviour, sleep duration, smoking, alcohol, dietary factors and socio-demographic confounders, across all ethnicities in both men and women. Prevalence of diabetes was approximately three-to four fold higher in South-Asian and two-to three fold higher in black participants compared with white European participants across all levels of grip strength, but the population distribution for grip strength in South-Asian participants was shifted left by~5-6 kg in absolute terms and~0.3-0.5 kg per kg body weight, compared with the other ethnic groups. Thus, the attributable risk for diabetes associated with low grip strength, at 4 cases per 100 individuals, was particularly high in SouthAsian men and women. Attributable risk associated with low grip strength was also high in black men.
Our data revealed a significant interaction with ethnicity in the association between grip strength and diabetes, with the difference in odds for diabetes per unit difference in grip strength being higher in white European participants than the other ethnic groups. The higher prevalence of diabetes in South-Asian and black participants compared with white participants, however, together with the leftward shift in the population distribution of grip strength in South-Asian participants, resulted in a particularly high attributable risk associated with low grip strength in South-Asian men and women and black men. In black women the association between grip strength and diabetes was less strong than in other groups, at least when grip strength was expressed in absolute terms, resulting in a lower attributable risk associated with low grip strength, despite a relatively high diabetes prevalence. Identifying and addressing modifiable risk factors in high risk groups is vital in tackling the increasing Table 2 Association between grip strength and risk of diabetes in white, black and South-Asian men and women Values are odds ratios (with 95% CIs) for the association of a unit change in grip strength, expressed either in kg or in kg per kg body weight, in each sex and ethnic group. P values refer to the grip strength 9 ethnicity interaction. Statistical models are as follows: Model 1: adjusted for age, education, number of years with diabetes and socio-economic status; Model 2: Model 1, plus adjustment for percentage body fat, smoking, dietary intake (fruit and vegetables, alcohol, processed meat, red meat, oily fish), sleep duration and physical activity.
ª 2017 Diabetes UK prevalence of Type 2 diabetes. For example, it has been demonstrated that obesity interventions are required at a much lower BMI threshold in black and South-Asian populations if they are to be treated at the equivalent risk of diabetes, which has translated into ethnicity-specific public health obesity guidance [18] : a BMI of~22 kg/m 2 in South-Asian and~26 kg/m 2 in black people confers equivalent diabetes risk to that of a BMI 30 kg/m 2 in white people [3] ; however, reducing BMI to < 22 kg/m 2 in all South-Asian people is unrealistic. The present results suggest that improving strength, particularly in South-Asian men and women, and in black men, could potentially provide a complementary strategy in reducing ethnic inequalities in diabetes. The present study was observational and cross-sectional, therefore, is not possible to ascertain conclusively the direction of the relationship between grip strength and diabetes from the data. However, other data suggest that the potential contribution of reverse causality may be relatively small. Prospective data from other studies have shown that low grip strength is predictive of incident diabetes [6, 7] , and data from the Health ABC cohort indicated no difference between adults with and without Type 2 diabetes in change in grip strength (expressed per kg arm mass) over a 3-year follow-up period [19] , suggesting that diabetes itself may not accelerate age-related declines in grip strength. We also adjusted our models for number of years with diabetes, and the exclusion of individuals with longstanding diabetes in a sensitivity analysis did not alter any of our findings. It is unlikely that grip strength per se is causally related to diabetes, but hand-grip strength is highly correlated with leg strength, and provides a valid index of overall limb muscle strength throughout the age range [20] . There is evidence that overall muscle strength could be an important, and potentially causal, risk factor for diabetes. It should be acknowledged that strength has an substantial genetic component [21] , and thus it is important to consider the extent to which it is a modifiable diabetes risk factor. Intervention studies, however, have shown that muscle strengthening exercise can improve insulin sensitivity and glycaemic control [22, 23] and prospective data from > 130 000 men and women indicate that participation in muscle-strengthening exercise was associated with reduced risk of incident Type 2 diabetes [10, 11] . Grip strength, which is easy to measure in healthcare and community settings, could therefore potentially be used as a screening tool to identify individuals at increased risk of diabetes as a result of low overall muscle strength who may benefit from lifestyle intervention. The major diabetes prevention trials have focused on weight loss and moderate intensity aerobic physical activity [24] . The present results suggest that resistance exercise should be considered as a third important component in future trials. Our data also suggest that South-Asian men and women and black men should be particularly targeted for interventions to increase strength. This may be particularly important in the context of rapidly increasing rates of diabetes in South-Asian populations worldwide [5] .
The strengths of the present study include its large size, which provided sufficient numbers of minority ethnic groups to enable ethnic subgroups comparisons within the same study. Grip strength was objectively assessed using validated methods, trained staff and standard operating procedures. Direct measurement of body fat enabled robust adjustment for adiposity. Although diabetes was ascertained by self-report of a physician diagnosis, this has been shown to agree well with laboratory/clinical diagnosis [25] , and in nationally representative US samples, diabetes prevalence determined by self-report only were only slightly lower (< 1% difference overall) than when based on self-report and laboratory values [26] . Incomplete ascertainment of diabetes cases, therefore, is likely to be small and unlikely to introduce a systematic error. We did not distinguish between Type 1 and Type 2 diabetes, but based on UK population data, it is likely that~90% of the cases would have been Type 2 diabetes [27] . If we assume no association between grip strength and Type 1 diabetes, this would mean that the association between grip strength and Type 2 diabetes is likely to be slightly stronger than the present data indicate; however, this would have no effect on attributable risk estimates (as the slight attenuation of the odds ratio associated with low grip strength, and the slightly higher diabetes prevalence attributable to inclusion of the Type 1 diabetes cases would exactly cancel out). While UK Biobank was not specifically recruited as a nationally representative sample of the UK population, diabetes prevalence and mean BMI values in the UK Biobank cohort at baseline were similar to nationally representative samples across all three ethnic groups [28, 29] , suggesting that the observations in the present report are potentially broadly generalizable to the UK population. This study was based in the UK. While associations between strength and odds of diabetes are likely to be similar for an ethnic group irrespective of location, attributable risk estimates depend on the prevalence of diabetes and population distribution of strength, which may differ between the UK and other countries.
In conclusion, the present study showed independent associations between muscular strength and diabetes risk in white European, South-Asian and black men and women living in the UK. Low strength was associated with a disproportionately large number of diabetes cases in the South-Asian men and women and black men in the UK Biobank population, making a clear case for future randomized controlled trials of interventions to improve strength in these populations.
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